Figure 2. Functional Domains of TXBP181
TXBP181, TXBP181 mutants, Tax, or HsMAD2 were expressed in yeast as either Gal4bd or Gal4ad fusion proteins. Protein-protein interactions were examined by two-hybrid assays. Interactions (ϩ) or lack of (Ϫ) are indicated. also tallied, then the homology rises to 41.6% ( Figure  1B ). This conservation is highly significant because relatedness is maintained linearly over the entire length of the polypeptides. Biological relevance of this conservation is further supported by the ScMAD1 sequence. In reciprocally paired alignments, it was evident that the relatedness between the two yeast MAD1s does not significantly exceed that of each to TXBP181 ( Figure  1B ). Additionally, using the COILS algorithm (Lupas et al., 1991) , all three proteins are predicted to maintain highly similar coiled-coil domains (data not shown) as MAD1 is an important component of the spindle assembly checkpoint that detects spindle depolymerization and other defects (Rudner and Murray, 1996) . Possibly, the aneuploidogenic effects of Tax (Majone et al., 1993;  by the formation of multinuclei/micronuclei (Majone et al., 1993; Semmes et al., 1996) . The presentation of mul- Semmes et al., 1996) could be partly explained by its interaction with HsMAD1. We, thus, analyzed and continucleated cells suggests that a DNA damage checkpoint(s) is compromised by Tax. Direct protein-protein firmed Tax-TXBP181 interaction in detail. Previously, we described 47 single amino acid point mutants of Tax binding is an obvious route through which Tax could target host factors. Hence, we searched a human cDNA (Semmes and Jeang, 1992) . Wild-type and four representative Tax mutants were used to characterize inlibrary using yeast two-hybrid technology for proteins that bind Tax. From 1 ϫ 10 8 gross transformants in a teractions with TXBP181. These results showed that changes at either residue 29 or 52 (Tax C29-S and Tax HeLa cDNA library, several cDNAs were identified (Jin et al., 1997) . One contained a large, albeit incomplete, H52-Q) abolished binding to TXBP181, while changes at residues 23 or 320 (Tax C23-S and Tax L320-G) did open reading frame for a protein provisionally designated as Tax-binding protein 181 (TXBP181). Rapid amnot (data not shown). In reciprocal assays, we defined the region spanning amino acids 324 to 498 in TXBP181 plification of cDNA ends (RACE) of this clone resulted in the assembly of a 2626 bp cDNA, which conceptually as a minimal segment for contacting Tax (TXBP181m4; Figure 2 ). The yeast two-hybrid readouts further retranslates into a protein of 803 amino acids ( Figure 1A ; GenBank U33822).
vealed that TXBP181 homodimerizes ( Figure 2 ; column 2). At this level of resolution, the domain for self-associa-TXBP181 was matched against extant protein databases. Unexpectedly, two sequences with the highest tion of TXBP181 coincides with that needed for binding Tax (TXBP181m4; Figure 2 ). degree of relatedness were fission yeast SpMAD1 (Figure 1A ; GenBank Z95620) and budding yeast ScMAD1
Yeast MAD1 is proposed to complex with MAD2 (Elledge, 1996; Rudner and Murray, 1996) . To our knowl-( Figure 1B ; Hardwick and Murray, 1995) . Over an approximately 700 amino acid length, 23.9% of all residues in edge, direct experimental evidence documenting this is not in the literature. Our supposition that TXBP181 is TXBP181 and SpMAD1 are identical. If similarities are HsMAD1 prompted an experimental challenge: does TXBP181 bind HsMAD2? Indeed, this question was addressed at an early stage of TXBP181 identification. In 1995, when TXBP181 cDNA was first isolated, we failed to find sequence homologs through database searches. This led us to use yeast two-hybrids to query further for cellular proteins that would bind TXBP181 (e.g., the TXBP181m3 sequence was actually used as bait). Such search revealed 128 candidate-partners, which segregated into two independent groups. One group contained partial-length TXBP181 cDNAs, consistent with above results demonstrating that TXBP181 homodimerizes. The second group all contained related fragments of another cDNA (GenBank U31278), which we later noted to be a sequence independently described by others as coding for HsMAD2 (Li and Benezra, 1996) .
The "blinded" search that revealed HsMAD2 as a TXBP181-partner can be illustrated by a reconstruction experiment. We recloned HsMAD2 cDNA into a twohybrid vector and paired this plasmid into yeast with nine forms of TXBP181 (Figure 2 , column 3). Resulting readouts mapped a HsMAD2-interactive domain be- ferase (GST) fusion proteins. Figure 3A shows that Tax Cell extracts were immunoprecipitated using preimmune rabbit serum (preImm; lane 1), rabbit ␣-181C serum (lane 2), an irrelevant binds to GST-TXBP181 (lanes 5-8) but not to GST alone (lanes 1-4). Direct coimmunoprecipitations verified intracellular TXBP181-HsMAD2 complexes. Two types of immunoprecipitations were performed. First, HeLa exCell extract was then immunoprecipitated with either a tracts were precipitated with ␣-MAD2, and the immunomouse antibody to Gal4bd (␣-Gal; Figure 3D , lane 2) precipitates were then Western blotted with ␣-181C.
or an irrelevant antibody, ␣-LH ( Figure 3D , lane 1), folThis revealed TXBP181 in a complex with HsMAD2 (open lowed by Western analysis using ␣-MAD2. This aparrow; Figure 3D , compare lane 4 to lane 3). Second, proach also demonstrated a complex of HsMAD2 with HeLa cells were transfected with a plasmid expressing a Gal4-binding domain (Gal4bd)-TXBP181 fusion protein.
Gal4bd-TXBP181 (filled arrow; Figure 3D ). 
Cell Cycle-Specific Expression and Phosphorylation
total labeled extract were immunoprecipitated with either preimmune serum or ␣-181C ( Figure 4C , lanes 1 of TXBP181 Yeast MAD1 provides some predictions as to the cell and 2). Of several phosphoproteins recovered in the ␣-181C immunoprecipitate, two migrated with molecucycle-specific expression and posttranslational modification(s) of HsMAD1. To address these points, we lar sizes consistent with hyperphosphorylated and hypophosphorylated TXBP181 (open and filled arrows; checked mRNA and protein expression patterns of TXBP181 in human cells. TXBP181 transcripts in eight Figure 4C , lane 2). Because these immunoprecipitations of phosphate-labeled proteins with ␣-181C produced different human cells were assessed by Northern blotting ( Figure 4A ). An approximately 2.7 kb band was obbackground bands, and because we wished to ascertain whether phosphate was added to serines, threonines, served in all cells (filled arrow). This mRNA size agrees with the length of TXBP181 cDNA (2626 nucleotides).
or tyrosines, we immunoprecipitated unlabeled cellular extracts with ␣-181C ( Figure 4C , lanes 4, 6, and 8), Next we asked whether TXBP181 has cell cycle phasespecific expression/changes consistent with that exanti-phosphothreonine mixed with anti-phosphotyrosine (␣-PT/Y; Figure 4C , lane 9), or a mixture of antipected of a MAD1 protein. Using ␣-181C serum, we monitored HeLa cells that were either biochemically arphosphoserine, anti-phosphothreonine, and anti-phosphotyrosine (␣-PS/T/Y; Figure 4C , lane 10) followed with rested or mechanically selected for G0, G1, S, G2, or M phase. We found that levels of TXBP181 indeed varied Western blotting using ␣-PS/T/Y ( Figure 4C , lanes 3 and 4), anti-phosphoserine (␣-PS; Figure 4C , lanes 5 and 6), throughout the cell cycle: levels were low in G0/G1 and peaked in late S and G2/M phases ( Figure 4B , compare ␣-PT/Y ( Figure 4C , lanes 7 and 8), or ␣-181C ( Figure 4C , lanes 9 and 10). These variously permuted sequential lanes 3, 4, and 5 with lanes 1, 2, and 6). Notably, TXBP181 in S and G2/M cells migrated as a doublet. This doublet antibody analyses are consistent with TXBP181 phosphorylation being on serine(s) ( Figure 4C ; compare lane also appeared when cells were treated with the microtubule-depolymerizing agent, nocodazole ( Figure 4B ; com-4 to 3, lane 6 to 5, and lane 10 to 9). Cell cycle changes of TXBP181 were also studied pare lane 7 with 6).
The TXBP181 doublet ( Figure 4B ) is suggestive of using confocal microscopy. Consistent with the Western analyses ( Figure 4B ), TXBP181-specific immunofluoresphosphorylation. We analyzed directly for phosphorylation by labeling biosynthetically with inorganic [ 32 P]orcence was low in G 0 and G 1 and increased in S and G 2 ( Figure 4D ). These cell cycle-dependent expression and thophosphate ( Figure 4C, lanes 1 and 2) . Proteins from phosphorylation of TXBP181 conform to previously described characteristics of ScMAD1 (Hardwick and Murray, 1995) , further supporting the attribution of TXBP181 as HsMAD1.
Subcellular Locations for TXBP181
To investigate how TXBP181 might behave as a checkpoint component, specific antisera were employed to stain intracellular locales for TXBP181 during the cell cycle. For comparison, well-defined cellular markers were costained in parallel. Figure 5 presents costainings of ␣-181C and anti-NuMA (group A), ␣-181C and anti-␣-tubulin (group B), ␣-181C and anti-kinetochore autoantibody (ANA-C; group C), or ␣-181C and propidium iodide (group D). These stainings raised several salient points. First, during interphase, TXBP181 is homogenously distributed in the nucleus in a nucleoli-excluded pattern ( Figure 5B , cell without arrow; Figure 5C ). During this time, TXBP181 colocalizes with ANA-C antiserumstained kinetochores ( Figure 5C ). Second, as the cell enters prometaphase/metaphase, TXBP181 concentrates into centrosomes ( Figure 5A , panels 1 and 3; Figure 5D , panels 1 and 2). Third, as the cell commits into anaphase and later into telophase, TXBP181 is found progressively in the spindle midzone ( Figure 5B , panels 1 and 3; blue arrow), in the midbody that connects daughter cells (Figure 5B , panels 1 and 3, white arrow; Figure 5D , panel 3), and in newly formed progeny nuclei ( Figure 5D , panel 3). Overall, from the beginning to the end of mitosis, TXBP181 is seen to move from a diffusely nuclear distribution to the centrosome, to the spindle midzone, and finally to the midbody. These dynamic changes in protein localization provide opportunities for pleiotropic signaling/effector functions during different points of mitosis.
Loss of TXBP181 Function Resulted in Multinucleated Cells
Genetic analyses in yeast have documented that MAD2 function is a prerequisite for MAD1 phosphorylation and, Figure 5 . Subcellular Localization of TXBP181 in HeLa Cells presumably, activation (Hardwick et al., 1996) . Above using an antibody (␣-105) that recognizes both native TXBP181 and the introduced TXBP181m4 proteins. The ambient amount of TXBP181 produces a rather uniform the basal fluorescence normally observed for untranscell-to-cell fluorescent intensity (see Figure 6A , panel fected cells ( Figure 6A, panel 3) . This increased fluo-1). In cells transfected with pSVm4, a subpopulation rescence is fully consistent with overexpression of TXBP181m4 in pSVm4-transfected cells. showed enhanced immunofluorescence intensity above Next, to study how mitosis might be perturbed by What might be the mitotic function defeated by TXBP181m4? To address this question, we considered TXBP181m4, we developed an approach that visualizes the nuclear morphology of transfected cells. Because drugs that affect the M checkpoint. Nocodazole is an antimicrotubule drug that disrupts spindle assembly and yeast Gal4bd protein localizes into eukaryotic nuclei and because it is not normally present in human cells, transactivates a mitotic checkpoint (Kung et al., 1990) . When the checkpoint is intact, cells with spindle damage are fection of a Gal4bd-expression plasmid (pM) followed by specific staining with a monoclonal antibody produces blocked from completing mitosis and eventually succumb to apoptosis (Minn et al., 1996) . If TXBP181m4 fluorescent nuclear images only from transfectants (for example, see Figure 6A , panels 2, 4-6). Since calcium interferes with the same checkpoint activated by nocodazole, then one would expect the phenotypic consephosphate precipitated DNAs are taken together into cells, nuclei of cells transfected with pSVm4 ϩ pM can quences induced by the former to be magnified by the latter (or vice versa). On the other hand, if nocodazole be visualized by staining solely with ␣-Gal4bd. Hence, we transfected cells with either pM alone ( Figure 6A , and TXBP181m4 signal into separate and distinct checkpoints, then the function(s) inherent to a nocodazole panels 1 and 2) or pSVm4 ϩ pM (panels 3-6) and then stained cells with either ␣-Gal4bd (panels 2, 4-6) or checkpoint should be unaffected by TXBP181m4. Treatment of cells with nocodazole would not be expected ␣-105 (panels 1 and 3). We noted that cells expressing Gal4bd alone exhibited normal nuclear morphologies to exacerbate a TXBP181m4 phenotype. In Figure 6B , three sets of cells were transfected with (panel 2) and changed neither in the immunostaining intensity nor profile for endogenous TXBP181 (panel 1; pM (lane 2), pM ϩ pSVTXBP181 (lane 3), or pM ϩ pSVm4 (lane 4) and were either treated (open bar) or not treated compare staining intensity of arrowed cells with surrounding cells). However, cells cotransfected with pM ϩ (filled bar) with nocodazole. Prevalence of multinucleated cells was tabulated based on staining with ␣-Gal4. pSVm4 did show a new phenotype-a significantly higher prevalence of multinucleated cells ( Figure 6A , Results from these assays confirmed that overexpression of TXBP181m4 increased the ambient level of panels 3 and 4; Figure 6B ). One interpretation is that when TXBP181m4 is overexpressed, cells that would multinucleated cells. Nocodazole treatment greatly enhanced this change ( Figure 6B , lane 4). These findings otherwise have been blocked from completing mitosis now escape this block, thus becoming multinucleated.
suggest that TXBP181m4 and nocodazole converge at the same mitotic checkpoint, and they are consistent This finding suggests that TXBP181m4 compels a dominant-negative effect, which subverts a mitotic surveilwith TXBP181m4 behaving as a dominant-negative inhibitor of HsMAD1. lance function of wild-type TXBP181.
Tax Targets a TXBP181-Mediated Mitotic Checkpoint Function
Expression of HTLV-I Tax induces potently multinucleated and micronucleated cells (Majone et al., 1993; Semmes et al., 1996) . Examples of Tax-induced multinucleated cells are shown in Figure 6A (panel 7) . To understand better this phenotype, we assayed the activities of four Tax point-mutants. These mutants, TaxC23-S, TaxC29-S, TaxH52-Q, and TaxL320-G, have been characterized previously for transcriptional activities (Semmes and Jeang, 1992) . Of the four, TaxC23-S was found to be active, while the other three were inert. The four mutants were also defined for ability to bind TXBP181 with findings that TaxC23-S and TaxL320-G bound TXBP181, while TaxC29-S and TaxH52-Q did not (data not shown). In Figure 6B , we assessed the ability of each mutant to induce multinuclei. TaxC23-S and TaxL320-G, as well as wild-type Tax protein, induced multinucleated cells efficiently, while Tax C29-S and Tax H52-Q were quite inactive (lanes 5-9). The multinuclei-inducing pattern is discordant from the transcriptional profiles of the same mutants, as transcriptionally defective TaxL320-G was highly active for multinuclei induction. On the other hand, the capacity of individual mutants to induce multinuclei correlated well with ability to bind TXBP181. Thus, provides further evidence that both share a common mechanism through TXBP181. The link between Tax, TXBP181, and multinuclei is amounts of TXBP181 ( Figure 7B , lanes 2 and 4), while strengthened by the observation that Tax-induced multicells that either do not express Tax (Jurkat, JPX9; lanes nuclei are prevented by overexpression of exogenous 1 and 3) or express a mutant Tax (JPX9m ϩ Cd; lane 5) TXBP181. Thus, the 47% of multinucleated cells that had high amounts of TXBP181. On the other hand, all result from Tax expression ( Figure 6B , lane 5) was recells, regardless of Tax expression, maintained similar duced to 15% when a TXBP181-expressing plasmid was amounts of HsMAD2 ( Figure 7C ). Pulse-chase analysis cointroduced (lane 10). This suggests that in HTLV-Iof cellular [
35 S]-labeled TXBP181 was performed (data infected cells the relative ratio of Tax to TXBP181 dicnot shown); the half-life of TXBP181 in Tax-expressing tates checkpoint competence.
C81 cells (2.3 hr) was found to be significantly reduced To assess the levels of TXBP181 and Tax in ATL cells, compared to that in Jurkat cells (6.1 hr). RT-PCR analysis we examined HTLV-I transformed human T cell line (C81) of TXBP181 mRNA indicated that the Tax-mediated reand two Jurkat-derived T cell lines (JPX9 and JPX9m) duction of TXBP181 did not occur at the step of tranthat have been engineered to express either a wild-type scription ( Figure 7D ). Thus, these findings suggest that or a mutant Tax protein upon treatment with cadmium in ATL cells a mitotic checkpoint is lost as a conse-(Cd). An abundance of Tax is expressed in C81 (Salahudquence of Tax-induced reduction of HsMAD1 dimerizadin et al., 1983) and in JPX9 cells treated with Cd (JPX9 ϩ tion and stability. Cd; Nagata et al., 1989) , and a defective Tax mutant is highly expressed in JPX9m ϩ Cd (K. Sugamura, personal Discussion communication). Jurkat and JPX9 cells (not treated with Cd) do not express Tax. Each of these cells was checked TXBP181 Is a Human Homolog of Yeast MAD1 directly by Western blotting using anti-Tax to verify for Several lines of evidence suggest that HTLV-I Tax-bindexpected Tax expression ( Figure 7A ). When the samples ing protein, TXBP181, is the human homolog of the yeast were reprobed with either ␣-181C or ␣-MAD2, we noted that cells that express functional Tax had reduced mitotic checkpoint proteins, ScMAD1 and SpMAD1.
First, the sequence of TXBP181 is virtually as well con-1996), the MAD1-MAD2 interaction might be physically described by a MAD1-MAD2 heterodimer. Whether the served with SpMAD1 as SpMAD1 is conserved with ScMAD1 (Figure 1) . Structurally, all three proteins mainrelevant interaction is at the centrosome and how this might relate to either a spindle checkpoint function or tain very similar coiled-coil motifs (data not shown). Second, a defining characteristic of MAD1 is that it binds a later mitotic function remain to be elucidated. HsMAD1 and HsMAD2 add to the growing list of mi-MAD2 (Elledge, 1996; Rudner and Murray, 1996) . Indeed, TXBP181 binds HsMAD2 (Figures 2 and 3 ) in agreement totic factors that are found at the centrosome. These include ScMPS1 (Hardwick et al., 1996 ; Weiss and Winey, with its identification as HsMAD1. Third, abrogation of TXBP181 function produces an aberrant mitotic pheno-1996), p53 (Blair and Blair, 1988) , CDC2/CDK1 (Pockwinse et al., 1997), CDC16 and CDC27 (Tugendreich et type that is consistent with a hsmad1 genotype. Thus, expression of a transdominant-negative TXBP181 mual., 1995), and NuMA (Compton et al., 1992) . Additionally, it has been suggested that a p53-mitotic regulatory functant induced multinuclei in cells (Figure 6 ) in a manner that augments the multinuclei-inducing capacity of notion might be correlated with its activity in modulating centrosome duplication (Fukasawa et al., 1996 ; Agarwal codazole. This suggests that a loss of TXBP181 function results in a premature escape from a mitotic block, et al., 1998) . Indeed, the centrosome and the spindle midzone have been further found to be important for which is not necessarily linked to cytokinesis. In late mitosis, TXBP181 relocates to the midbody that links cytokinesis (Oegema and Mitchison, 1997) . Evidence suggests that signals from the spindle midzone and two daughter cells, suggesting that it might serve additional cell-division functions (see below).
midbody and the continuous interaction between midzone microtubule bundles and the cortex dictate sucAnother finding shared between ScMAD1 and TXBP181 is that both become hyperphosphorylated in late S cessful cytokinesis in cultured mammalian cells (Glotzer, 1997) . Our demonstration that TXBP181 moves from the through M phases (Figure 4 ). This hyperphosphorylation is also triggered by mitotic spindle damage (Figure 4) . kinetochore to the centrosome to the spindle midzone and finally to the midbody suggests that this protein A critical component of the mitotic checkpoint is a phosphoepitope recognized by a 3F3/2 antibody (Campbell might transduce signals that regulate the induction of cleavage furrow and link mitosis with cytokinesis. This and Gorbsky, 1995). The characterization of ScMAD1 (Hardwick and Murray, 1995) and TXBP181 (Figure 4) is consistent with findings of multinucleated cells when TXBP181 function was lost ( Figure 6 ). as phosphoproteins raises the possibility that these proteins may contain the kinetochore-associated 3F3/2 epitope. Indeed, during interphase, TXBP181 is found at
Checkpoints and Viral Transformation the kinetochore ( Figure 5) ; however, preliminary exof the Cell periments indicate that 3F3/2 reacts poorly with antiFailure in cell cycle control is well-recognized as contrib-TXBP181 immunoprecipitates and vice versa (D.-Y. J., uting to genetic instability, which is a hallmark of canet al., unpublished data). Whether this is explained cers. Experiments in budding yeast have shown that by a transient and rare "masked" phosphoepitope in the disruption of genes required for spindle checkpoint TXBP181 being recognized by 3F3/2 but is otherwise dramatically increases the rate of chromosome loss (Li difficult to detect, or whether the 3F3/2 kinetochoreand Murray, 1991; Pangilinan and Spencer, 1996) . Plaueffector is wholly distinct from MAD1 remains to be sibly, in humans, interference of mitotic checkpoint confirmed.
function leads to karyotypic abnormalities, which depending on circumstances can be both a cause and an effect of cellular transformation. The interaction of Localization of TXBP181 to the Centrosome and Midbody TXBP181 and Tax oncoprotein presumably describes a part of virally initiated events that lead to cell-cycle At various times during mitosis, TXBP181 is localized to the kinetochore, the centrosome, and the midbody.
dysregulation (Low et al., 1997) , DNA damage (Jeang et al., 1990) , and cellular transformation in ATL. Although tension at the (unattached) kinetochore (Nicklas, 1997) represents an early signal for the spindle
We have shown that Tax has aneuploidogenic and clastogenic effects and induces multinuclei in mammacheckpoint, steps subsequent to this are poorly characterized. Plausibly, signals from other subcellular locales lian cells. Here, a functional target for Tax was defined as the HsMAD1 protein. Previously, it was understood might contribute to later mitotic events. Thus, while both TXBP181 and HsMAD2 localize to kinetochores, our evithat Tax could influence via p53 the G 1 to S phase transition and the DNA-damage sentinel at this juncture (Uitdence indicates that it is not at this locale that the two proteins interact. Instead, we find that the two proteins tenbogaard et al., 1995); however, it was unclear how to account for aneuploidy, polyploidy, and the induction appear at kinetochores during different times of the cell cycle. In particular, TXBP181 is found at kinetochores of kinetochore-containing micronuclei in Tax-expressing cells. Our finding that Tax compromises an M-checkduring interphase, while HsMAD2 appears there during prometaphase (Li and Benezra, 1996) . During metapoint protein (HsMAD1) provides a reasonable explanation for the latter phenomena. phase both TXBP181 ( Figure 5 ) and HsMAD2 (data not shown) congress at the centrosome, suggesting that Induction of multinuclei by Tax places this HTLV-I gene into a functional class of viral oncogenes shared while each might have individual checkpoint roles at the kinetochore, the interactive function(s) of the two may by Mos, SV40 Tag, and EBV LMP-1 (reviewed in Laird and Shalloway, 1997 M-checkpoint proteins might be generally targeted by many viral oncoproteins.
Confocal Microscopy
One intriguing thought that emerges from the identifiMicroscopy was performed as described (Semmes and Jeang, cation of TXBP181 as HsMAD1 is a potential mechanis-1996). Cells were fixed either with 4% paraformaldehyde (pH 7.4) in PBS for 15 min at room temperature or with absolute methanol tic link between disparate cell-cycle checkpoints. In a for 10 min at -20ЊC. Costaining of TXBP181 with nuclear DNA was "blinded" assay of all cellular transcripts that are inwith fluorescein-conjugated second antibody and propidium iodide.
duced by p53, TXBP181 was found to be 1 of only 13
Brightness of fluorescence was quantitated with Zeiss LSM soft-(out of a cellular pool of 7202 transcripts) mRNAs that ware. Monoclonal anti-NuMA (clones 204-41 and 107-7) was from are induced 10-fold or more by p53 (Polyak et al., 1997) .
MatriTech. Monoclonal anti-␣-tubulin (clone B-5-1-2) and human
The identification of TXBP181 as HsMAD1 suggests that polyclonal anti-kinetochore autoantibody (ANA-C) were from Sigma. Rabbit polyclonal anti-TXBP181 (␣-105) was raised to a GSTwhile p21 (El-Deiry et al., 1993 ) is a direct transcriptional TXBP181m5 (amino acids 324-411) fusion. Wild-type and mutant transponder of p53 at G 1 to S, HsMAD1 might be an
Tax have been described elsewhere (Semmes and Jeang, 1992, analogous transponder for the p53-dependent mitotic 1995, 1996) . pM was from CLONTECH. TXBP181-and TXBP181m4-checkpoint (Cross et al., 1995) . If so, p53 then has a expressing plasmids were derivatives of pSV-␤ (Promega).
true mitotic checkpoint function, and it does not simply serve to prevent cells that have failed M phase from
RNA Analysis
reinitiating DNA replication (Minn et al., 1996) . Our findHuman multiple tissue Northern blot (CLONTECH) was probed with ings plausibly explain how oncoproteins might simultaa 1.1 kb 32 P-labeled 5Ј fragment of TXBP181 cDNA. RNAs were isolated using RNAzol (Tel-Test). Quantitative-competitive RT-PCR neously defeat both a G1/S and an M checkpoint by of TXBP181 mRNA was performed using PCR MIMIC strategy targeting through a single factor, p53.
(CLONTECH). TXBP181-specific primers are as follows: 5Ј-CAGGG CTCCAA CTTGCAGA -3Ј and 5Ј-ACCTG GGGCCGAGGTAGAA-3Ј.
Experimental Procedures

Cell Synchronization Yeast Two-Hybrid Assay
HeLa cells in G0 were by serum starvation. HeLa G1 cells were by Yeast two-hybrid screening was performed in CG-1945 according lovastatin treatment (Keyomarsi et al., 1991) . HeLa G 1/S cells were to the manufacturer's protocol (CLONTECH). CG-1945 was transby double thymidine block (i.e., two 16 hr incubations in 2.5 mM formed with pGADT9/Tax (Jin and Jin et al., 1997) or thymidine, with an 8 hr release). Cells enriched in S phase were pGADT9/TXBP181m3 and screened with a HeLa S3 cDNA expression harvested 4 hr after release from the second block. Cells harvested library constructed in plasmid pGADGH. Ten millimolar 3-amino-8 hr after this release were further enriched for G 2 population by triazole was added to the medium to inhibit His3p expression actirinsing extensively to remove mitotic cells. M phase cells were mevated by Gal4bd-Tax alone (Jin and Jeang, 1997) . We screened on chanically shaken off from log-phase cultures and collected. To fifty 150 mm dishes 1 ϫ 10 8 gross transformants representative of obtain cells in early G 1, the shaken-off cells were added into fresh 10 6 independent clones. medium for an additional 3 hr. Synchronous mitotic cells were also obtained by incubating for 16 hr in medium containing 400 ng/ml Protein Affinity Chromatography nocodazole. Cell synchrony was monitored by immunofluorescent GST, GST-TXBP181, and His-tagged Tax were purified according staining with anti-Ki-67 and anti-bromodeoxyuridine antibodies to manufacturers' protocols (Pharmacia and Invitrogen). His-Tax (Boehringer Mannheim; Keyomarsi et al., 1991) and by phase-concontaining resin was washed with buffer A (50 mM sodium phostrast microscopy. phate [pH 8.0]), 300 mM NaCl, 0.5 mM ␤-mercaptoethanol, and 1 mM PMSF) containing 40 mM imidazole. His-Tax was eluted with buffer A containing 300 mM imidazole. GST and GST-TXBP181
